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DrosophilaHedgehog (Hh) proteins are secreted molecules that play an essential role in development and
tumorigenesis. In Drosophila cultured cells, phosphorylation of the kinesin-like Costal2 (Cos2) protein at
Ser572 is triggered by the kinase fused (Fu) upon Hh pathway activation. Here, we validate the ﬁrst
phospho-antibody for one of the Hh pathway components, Cos2, as a universal in situ readout of Hh signal
transduction. For the ﬁrst time, this tool allows the visualisation of a gradient of signalling activity and
therefore the range of the activating Hh ligand in different tissues. We also show that, in vivo, Fu kinase is
activated by and necessary to transduce all levels of intracellular Hh signalling. Our study ﬁlls a gap in the
understanding of the Hh pathway by showing that the molecular cascade leading to Cos2 phosphorylation is
conserved in all cells activated by Hh. Therefore, we propose that the extracellular Hh information is
conveyed to an intracellular signal through graded Fu kinase activity.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The Hh family of secreted proteins regulates many developmental
processes in both vertebrates and invertebrates, and the inappropri-
ate activation of its signalling pathway is responsible for numerous
types of tumours (Ingham and McMahon, 2001). Despite the
important role of Hh during Drosophila development, no tool exists
to follow Hh signalling in all activated cells simultaneously in vivo.
During embryonic and limb development in Drosophila, Hh is
produced by posterior compartment (P) cells and diffuses to reach
target cells in anterior (A) compartment. In the A compartment Hh
acts as a morphogen by activating responsive genes differentially,
depending on its local extracellular concentration (Ingham and
McMahon, 2001). In these cells, Hh signalling is linked to Hh ﬁxation
on its receptor Patched (Ptc), a constitutive repressor of the pathway.
As a consequence, the transmembrane protein Smoothened (Smo) is
activated, which leads to its phosphorylation and cell-surface
accumulation at high levels of Hh signalling (Jia and Jiang, 2006).
Smo then transmits its signal to a multiprotein complex to regulate
stabilisation and activity of the transcription factor cubitus inter-
ruptus (Ci) of the Gli family (Ingham and McMahon, 2001).
Alternatively, in the posterior compartment, Hh pathway activation
is indirectly induced by the absence of Ptc but transcriptional effects
are not visible because of the absence of Ci in these cells. Importantly,even if the ﬁrst steps of Hh signalling are activated in the A and P
compartments, pathway activation within these different compart-
ments cannot be detected simultaneously due to the lack of a common
readout.
It has previously been showed that Ci access to the nucleus is
governed by the protein complex composed of Smo and at least two
other proteins, the kinesin Cos2 and the Fu kinase (Jia et al., 2003; Lum
et al., 2003; Ruel et al., 2003). We have shown that Fu-dependant
phosphorylation of Cos2 at Ser572 (Nybakken et al., 2002) leads to the
disassembly of the Smo/Fu/Cos2/Ci complex and subsequently to
activation of Ci (Ruel et al., 2007). In this previous study, we generated
an antibody (denoted p-Ser572) directed against the Ser572 phos-
phorylated isoform of Cos2 which allows detection of Hh pathway
activation in vitro (Ruel et al., 2007).
Here, we examine whether this tool could be used as a universal
readout for Hh pathway activation during Drosophila development.
We show that Cos2 phosphorylation at Ser572 can serve as a
polyvalent in situ readout of Hh signalling in all tissues where Hh
acts. It allows detection of Hh signalling pathway activation
independent of cell identity, either A or P cells, which is unique
compared to all other commonly used readouts. We further show that
the Fu-dependant p-Ser572 distributes as a gradient which follows
changes in the Hh gradient of activity indicating that Fu is gradually
activated in response to increasing Hh concentrations. In addition, our
data show that, in vivo, (1) Fu kinase activation and Fu-dependant
Cos2 phosphorylation at Ser572 is downstream of Smo activation and
(2) Fu kinase, which has been previously described as necessary only
for high level pathway signalling (Alves et al., 1998), is in fact,
necessary to transduce all levels of Hh signalling.
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Genetics
All alleles used were null: ptcIIw, cosW1, smoIIX43, fuZ4 and disp377
(Burke et al., 1999). Transgenic lines were as follows: UAS-Cos2 WT
and UAS-Cos2 572A (Ruel et al., 2007), UAS-Hh (Ruel et al., 2003),
UAS-GFP-Smo Ala and UAS-GFP-Smo Glu (Zhang et al., 2004) and
UAS-Ci dsRNA (R. Ueda, DGRC). UAS-FuKD corresponds to a
substitution of Gly13 by Val within the Fu catalytic domain (gift
from P. Ingham). Mutant and overexpressing clones were generated
as described (Ruel et al., 2003).
Immunostaining and microscopy
Imaginal disc immunostaining was performed as described (Ruel
et al., 2003). Primary antibodies were used at the following dilutions:
anti-Smo 1:100 (20C6, DSHB), anti-Ptc 1:400 (5E10, DSHB), anti-βGal
mouse 1:1000 (Promega), Anti-Ara 1:100 (gift from J. Modolell), Anti-
Col 1:100 (gift from A. Vincent), anti-Cos2 1:1000 (Ruel et al., 2003),
anti-Ci 1:10 (2A1) and anti p-Ser572 (Ruel et al., 2007) used at 1:200
in embryos and 1:400 in discs (after 36 h of blocking with BSA-10%).
Image collection and analysis were performed with Image J. software.
Plots analysis was performed as described in Eugster et al., 2007.
Western blots
Fifty wild-type imaginal discs or discs expressing UAS-FuKD at
different temperatures (18 °C, 25 °C or 29 °C) under MD636 driver
were frozen in liquid nitrogen and lyzed in the following buffer:
50 mM Tris ph8, 150 mM NaCl, 2% NP40 and 0.5% deoxycholic acid.
For fu mutant discs, lysis was performed in 1% Triton buffer followed
by immunoprecipitation with antibodies against Cos2. Cl8 and
constitutive Hh-expressing cl8 cells were used as controls. Western
blots were performed with antibodies against Cos2 (1/5000) and
phosphorylated Cos2 (1/250). Protein detection by enhanced che-
mioluminescence was realised by Fuji3000 camera and a quantitative
analysis was performed using the Fuji 3000 software.
Results and discussion
Costal2 phosphorylation labels all Hh-activated cells at once
To investigate whether Cos2 phosphorylation could be used as a
universal readout for Hh pathway activation, we performed immu-
nostainingwith the p-Ser572 antibody on imaginal discs and embryos
(Ruel et al., 2007). In all discs, we observed that Cos2 phosphorylation
was present in a broad domain of A cells, starting at the antero-
posterior (AP) boundary and covering as many as 14 cells in the wing
disc (Figs. 1C, E, G–I and see Figs. 2A–F). In embryos, p-Ser572 staining
was much more restricted within the A compartment, in accordance
with the narrower range of Hh activity (see Figs. 2G, H). p-Ser572
labelling was speciﬁc because no staining was observed in cos2 loss-
of-function clones (Fig. 3A) and in cells expressing a non-phosphor-
ylatable Cos2 variant with an alanine substitution at Ser572 (Ruel et
al., 2007) (Fig. 3C).
We next analysed p-Ser572 staining more precisely by comparing
it to the expression domains of Hh target genes. The differential
responses of genes to varying concentrations of Hh can be illustrated
by the Hh receptor ptc,which responds to high levels of Hh signalling
near the AP boundary, and by the Hh target genes decapentaplegic
(dpp) and araucan (ara), which are activated at low levels of Hh
activity (Jia and Jiang, 2006)(Fig. 1). The A domain of p-Ser572
staining extended from the Ptc- to the Ara-positive cells (Figs. 1G–I)
and therefore encompassed all previously described cells responding
to Hh signalling. Moreover, the p-Ser572 labelling covered the domainof stabilisation of Ci and Smo (Figs. 1C–F), which also depends on Hh
signalling (Jia and Jiang, 2006). Strikingly, we observed that the level
of p-Ser572 staining was highest in the A cells at AP border and
decreased gradually across the compartment. Furthermore, the p-
Ser572 staining exhibited a similar slope to the gradient of Ci
stabilisation (Fig. 1F), suggesting that Cos2 phosphorylation also
reﬂects the gradient of Hh activity. Taken together, these data
demonstrated that Cos2 is phosphorylated at Ser572 in a graded
manner in all Hh-receiving cells in vivo.
Phosphorylation of Cos2 at Ser572 is a polyvalent in vivo readout of Hh
signalling downstream of Smo
To determine whether Ser572 phosphorylation is speciﬁc to Hh
pathway activation in vivo, we monitored p-Ser572 staining in cells
with altered Hh signalling (Fig. 3). First, Ser572 phosphorylation was
increased in the clones of cells that either ectopically expressed Hh or
were mutant for ptc, in which Hh target genes are ectopically induced
(Figs. 3D, E) (Jia and Jiang, 2006). Conversely, when Hh pathway
activation was blocked in smo loss-of-function clones, or in cells
expressing the inactivated SmoAla variant, in which phosphorylated
sites have been mutated to non-phosphorylatable alanine residues
(Zhang et al., 2004), p-Ser572 staining was lost in A and P cells
(Figs. 3F, H). In contrast, we found that the expression in the dorsal
compartment of the SmoGlu variant, which mimics a constitutively
phosphorylated active form of Smo (Zhang et al., 2004), induced Cos2
phosphorylation throughout the A compartment (Fig. 3G). These
results indicated that Hh activation induces Ser572 phosphorylation
downstream of the Ptc/Smo receptor complex in vivo. Interestingly, P
cells from imaginal discs and embryos, which are constitutively
activated for Hh signalling due to the lack of Ptc, were also speciﬁcally
labelled by the p-Ser572 antibody (Figs. 1C, 2A and Fig. 2). This
staining was lost when Smo activity was impaired (Figs. 3F and H).
We noticed that P-Ser572 staining levels are not the same in A and
P compartments and differed from that obtained with an antibody
recognising all Cos2 isoforms (Ruel et al., 2003) (Fig. 1A). Indeed, the
levels of p-Ser572 detected here most likely depend on two
parameters: the levels of Cos2 phosphorylation (balance between
phosphorylation and de-phosphorylation) and the levels of Cos2
accumulation. Cos2 level is decreased (by an unknown mechanism)
consequent to high Hh signalling in the P compartment, in contrast to
the higher Cos2 level in the A compartment (Fig. 1A). We believe that
the lower amount of p-Ser572 in the P compartment is thus due to the
lower level of Cos2 protein (Fig. 1A). Consistent with this, we have
observed that increasing the level of Cos-2 by overexpression
increased p-Ser572 staining in the P compartment by (Fig. 3B).
From these data, we conclude that p-Ser572 staining allows the
detection ofHhpathway activation independent of cell identity (Aor P).
This tool is unique compared to other commonly used readouts that
cannot be visualised simultaneously in all cells with an activated Hh
pathway. Moreover, it suggests that the molecular cascade leading to
Cos2phosphorylation is downstreamof Smoactivation and is conserved
in the A and P cell types.
The pattern and level of Costal2 phosphorylation follow changes in the
Hh gradient
To know whether this tool could be used to deﬁne the limits of Hh
reception by A cells, we modiﬁed the Hh gradient in wing discs and
examined the p-Ser572 pattern (Fig. 4). In dispatched (disp)mutant discs,
theHh activity gradient is restricted to a fewA cells (Burke et al., 1999). In
this background, the widths of the p-Ser572, Col, and Ci domains were
dramatically reduced, as were the p-Ser572, Col, and Ci intensities at the
AP border (Figs. 3B, F and see Fig. 1B in Supplementary material). Note
that p-Ser572 staining is still observed in P cells in which Hh signalling is
constitutively activated. In contrast, overexpressing Hh in P cells
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Supplementary material). We also modiﬁed the Hh gradient by
decreasing ptc expression. Just as upregulating the Ptc receptor at the
AP boundary limits Hhmovement, reducing the Ptc expression increases
the spread of Hh and enhances the Hh activity gradient in A cells (Chen
and Struhl, 1996). Because ptc expression is normally upregulated by Hh
signalling, we were able to reduce the Ptc levels using RNA interference
against Ci. This RNAi treatment broadened the p-Ser572 domain (Figs. 4D
and H). All of these results indicate that p-Ser572 is a polyvalent
cytoplasmicmarker that follows thegradient ofHhactivity andallows the
limits of Hh pathway activation to be assessed in vivo.
Fused kinase is required to transduce all levels of Hh signalling
The observations that Cos2 Ser572 is located within the Fu binding
domain and that its phosphorylation depends on Fu kinase activity in
vitro (Ruel et al., 2007) suggest that Ser572 is phosphorylated by Fu.
We therefore hypothesised that Cos2 phosphorylation at Ser572 could
be a direct readout for Fu activity in vivo. As the p-Ser572 gradient
covers the expression domains of all Hh target genes, this would
indicate that Fu is active in all Hh-receiving cells and is differentially
activated in the A compartment of the wing imaginal disc in response
to increasing Hh concentrations. If true, this could mean that Fu,
previously described as only being required to transduce high levels of
Hh (Alves et al., 1998), is actually necessary for all levels of Hh
signalling.
To know if the Fu kinase inactivation has a consequence on more
anterior cells the best tool would have been to use a null allele of fu. So
far, all identiﬁed fumutants are hypomorphic and show an increase in
Ci levels and down-regulation of Hh target genes only at the A/P
border (Alves et al., 1998). Thus, no null mutant for fu is available with
the exception of a deletion mutant, fuZ4 which covers several other
genes (Mariol et al., 1987) and will not be solely speciﬁc to the Fu
inactivation. To mimic a null mutant for Fu, we used a Fu kinase dead
(FuKD) variant previously described in Liu et al. (2007). We analysed
the consequences of a complete lack of Fu activity, either in fuZ4
mutant clones or in FuKD expressing cells. In both cases, Col
expression which is activated at the intermediate levels of the Hh
activity (Vervoort et al., 1999) was down-regulated (Figs. 5A–C′).
Also, Ci levels, which are regulated by the Fu activity (Alves et al.,
1998; Lefers et al., 2001; Ohlmeyer and Kalderon, 1998), were
increased in both fuZ4 and FuKD expressing cells (Figs. 5D–F′). From
this we concluded that FuKD overexpression mimics Fu kinase
inhibition as was also validated by Liu et al. (2007).
Interestingly, FuKD expression in the dorsal compartment of the
wing disc affected p-Ser572 and Ci levels in a large anterior domain
(12–15 cells width) which correspond to the entire domain respond-
ing to the Hh signal (Figs. 5F′ and H). This suggests that, in Hh-
receiving cells, Fu activity controls Ci protein levels not only at the A/P
border but also in more anterior cells. In the same conditions we
observed that dpp expression is strongly inhibited (Fig. 5 G–G′)
showing that Hh-dependent activation of target genes responding to
low levels of Hh far from the A/P boundary required Fu kinase activity.
These results indicate that Fu kinase activity is necessary to transduce
all levels of Hh signalling within the Hh gradient and not, as
previously suggested, just the high level of Hh signalling that is
found speciﬁcally at the A/P border.
One has to note that the increase of Ci level in fuZ4 clones most
likely reﬂects the dual role of Fu on Ci regulation, including the Hh-
independent requirement of the Fu regulatory C-term domain forFig. 1. Costal2 is phosphorylated at Ser572 in all Hh-activated cells. (A, C, E, G–I) immunostai
(red). Smo (A, C), Ci (E), Ptc (G), b-galactosidase (H) and Ara (I) are in green. In A, Ci is in b
intensities plotted against cell position around the AP boundary (dashed line) in discs shown
For each staining, analysis of 20 discs showed similar results (see M&M for more details). In a
the DV and AP boundaries respectively. All images were collected with a Leica TCS SP2 concleavage of Ci into the Ci repressor form (CiRep) outside of the Hh-
receiving cells (Lefers et al., 2001; Méthot and Basler, 2001) (arrow in
Fig. 5 D′). The increase of the Ci level induced by FuKD is not observed
in the entire anterior domain but only in a subset of anterior cells (Hh-
receiving cells; Fig. 5F′) as in the fu alleles affected in the kinase
domain and in which no decrease of CiRep was observed (Ohlmeyer
and Kalderon, 1998). This observation strongly suggests the trans-
formation of Ci into an activated form is blocked in FuKD over-
expressing cells (independently of the regulation of the CiRep level).
We then asked if blocking the Fu activity could mimic hh loss-of-
function wing phenotypes. Expressing FuKD at different levels
resulted in the gradual repression of p-Ser572 level which correlated
with the strength of the induced phenotype. Indeed, at low levels, the
wing phenotype mimicked strong hypomorphic fu zygotic pheno-
types (Fig. 6B) (Thérond et al., 1996) and the overall level of p-Ser572
in the entire wing disc is reduced by about 50% (Figs. 6H and I). At
high level (29 °C), p-Ser572 signal showed a stronger reduction (by
85%) suggesting that the Fu kinase activity is inhibited further
(Figs. 6H and I). In this condition, new and stronger phenotypes were
obtained (Figs. 6C and D). The stronger phenotype is similar to that
obtained with a strong inhibition of the Hh activity in wing discs
(Basler and Struhl, 1994) or when dpp expression is reduced (Zecca et
al., 1995) which is consistent with the loss of dpp expression observed
when Fu is inactivated by FuKD (Fig. 5G–G′).
To conﬁrm that the FuKD effect is solely due to the inhibition of the
endogenous Fu, and not due to a non-speciﬁc effect, we performed
three sets of experiments. First, we overexpressed the wild-type Fu
transgene with the same driver (at 29 °C) and found that no
phenotype was induced (data not shown). Secondly, we co-expressed
the FuKD variant with a FuWT construct in the same animals. In this
case, we observed a rescue of the FuKD phenotype, with a signiﬁcant
shift of the strong class of phenotype towards the weaker class
(Fig. 6G). These results show that observed phenotypes are linked to
the inactivation of the Fu kinase activity and not due to the
overexpression of the Fu protein. Third, we analysed the FuKD
phenotype in the absence of Suppressor of fused (Pham et al., 1995), a
speciﬁc dominant suppressor of the fu phenotype. Importantly, the
FuKD phenotype was rescued by the absence of Sufu (Figs. 6E and F),
showing that the FuKD induced phenotype is speciﬁcally related to
the role of Fu in the Hh pathway. Altogether, our data show that the
FuKD phenotype is speciﬁc to the Fu catalytic activity blockade and
not due to titration of a non-speciﬁc protein.
The incremental effect of FuKD overexpression on pSer572 level
suggests that the Fu activity is not completely abolished in animals
displaying a fusion of vein 3 and vein 4 (a phenotype observed in
hypomorphic fu alleles). We conﬁrmed this by analysing the level of
p-Ser572 in strong hypomorphic alleles, such as fuIPP7 and fu9P2–3.
As shown in Figs. 6J–K, level of pSer572 in these alleles is reduced by
55–65% but signiﬁcant residual activity is still present. Why does the
expression of FuKD in the imaginal disc give a stronger phenotype
than that displayed by strong hypomorphic alleles? It is possible that
removal of all zygotic Fu activity does not give a strong phenotype due
to the maternal contribution of Fu (Préat et al., 1990) which could last
until larval L3 stage. Ideally, one would like to remove both maternal
and zygotic Fu contribution to analyze its role in the wing disc, but
unfortunately, removing the maternal contribution of Fu triggers
embryonic lethality. A likely explanation of our results is that the
expression of FuKD inhibits both zygotic and maternal contribution of
Fu (through its action as a dominant negative) and reveals the real fu
phenotype, as opposed to the weaker wing phenotype of fu allelesning ofwild-typewing imaginal discs with the Cos2 (A) or p-Ser572 antibody (C, E, G–I)
lue. (B) Smo, Ci and p-Ser572, (D) Smo and p-Ser572 and (F) Ci and p-Ser572 staining
in A, C and E respectively. Arrowheads indicate the anterior limit of p-Ser572 staining.
ll ﬁgures, anterior is to the left and ventral to the top, continuous/dashed lines indicate
focal microscope with a 40× objective.
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Fig. 3. Costal2 phosphorylation at Ser572 occurs downstream of Smo activity. p-Ser572 (A–H) staining (red) in clones of cells mutant for either cos2W1 (A), ptc2W (E), smoIIx43
(F) [marked by the absence of β-galactosidase (A,E) or GFP (F)], or expressing either Cos2WT (B), Cos2 572A (C), Hh (D), GFP-Smo Ala (H), or GFP-Smo Glu (G) [marked by GFP]. The
ap-Gal4 line drives the expression of Smo variants in the dorsal compartment of thewing disc, with the ventral compartment used as a control (G–H). Ptc staining is in blue (B). Arrows
indicate mutant or overexpressing clones. Genotypes are the following: (A) yw, hsFLP; FRT42D, Cos2W1/FRT42D, ArmLacZ; (B–D) yw, hsFLP; actbCD2bGal4, UAS-GFP; UAS-Cos2WT
or UAS-Cos2 572A or UAS-Hh. (E) yw, hsFLP; FRT42D, ptc2W/FRT42D, ArmLacZ, (F) yw, hsFLP; FRT40A, smoIIx43/Ubi-GFP, FRT40A. (G–H) Ap-Gal4 UAS-Smo Glu or UAS-Smo Ala.
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1990). An alternative and non-exclusive possibility is that the level of
zygotic Fu is in great excess compared to the low threshold for activity
necessary to activate low level of Hh signalling. Consequently, the
remaining activity in the fu alleles would be sufﬁcient to reach this
threshold when the expression of FuKD would reduce it below the
threshold.
In this study we focused on the Fu-dependent phosphorylation of
Cos2, but other interactors of Fu have been described previously,
including Smo, Sufu and Ci (Aikin et al., 2008; Malpel et al., 2007;
Monnier et al., 1998; Wang and Jiang, 2004). Although our data showFig. 2. p-Ser572 staining in Hh-responsive tissues. (A–F) hh-lacZ imaginal discs were immuno
the p-Ser572 staining in Hh-receiving cells. p-Ser572 staining is detected in all imaginal discs
to themorphogenetic furrow (MF) and in differentiated photoreceptor cells. (G, H)Wild-type
H shows a magniﬁed view of one embryonic segment. p-Ser572 staining is detected in a
compartment, where ptc is upregulated by Hh.that FuKD maintains Cos2 in a non-phosphorylated state, we cannot
exclude that the titration of the other interactors of the Hh pathway
does not contribute to the FuKD phenotype. If this was the case, high
amounts of FuKD could irreversibly retain these interactors in an
inactive state, participating in the strong wing phenotype displayed
by FuKD expressing animals.
To conclude, these data indicate, for the ﬁrst time, that inhibiting
Fu kinase activity induces the same dramatic phenotypes as hh loss of
function, suggesting that Fu is necessary to transduce all levels of Hh
signalling in vivo. The fact that Cos2 is gradually phosphorylated in a
Fu-dependent manner within the Hh gradient allows us to proposestained for p-Ser572 (red) and β-galactosidase (green). Brackets indicate the domain of
in third instar Drosophila larvae. In the eye disc, Cos2 is phosphorylated in cells anterior
embryos (stage 11) were immunostained for p-Ser572 (red), Ptc (green), and Ci (blue).
ll P cells (which do not express Ci) and in one row of A cells on either side of the P
Fig. 4. The distribution of Costal2 phosphorylation follows changes in the Hh gradient. (A) Wild-type, (B) disp377, (C) hh-Gal4; UAS-Hh and (D) ap-Gal4; UAS-Ci RNAi wing
imaginal discs were immunostained for p-Ser572 (red) and for Col (A–C) or Ptc (D) (green). (E–H) Averages of staining intensities plotted against cell position around the AP
boundary (in E–G, p-Ser572 in red and Col in green; in H, ventral p-Ser572 in black, dorsal in yellow). Plot analysis was performed on wt (n=10), disp (n=5), hh-Gal4; UAS-Hh
(n=8) and ap-Gal4; and UAS-Ci dsRNA (n=3) discs.
125S. Raisin et al. / Developmental Biology 344 (2010) 119–128that Fu kinase activity is required to relay all biological effects of Hh in
the wing disc and that Fu acts as a cytoplasmic switch to translate
extracellular Hh information into intracellular signalling.
Conclusion
Our data provide several new insights into Hh signalling regulation.
Our p-Ser572 recognising antibody can be used to followHh signalling in
all activated cells simultaneously, independent of their identity (anterior
or posterior). This property is unique compared to other commonly used
readouts that cannot be visualised simultaneously in all cells with an
activated Hh pathway (for example Smo stabilisation, Fu and Cos2
destabilisation, Ci stabilisation, or Hh targets genes). Thus, our phospho-
Cos2 antibody is the only available polyvalent Hh signalling readout,
which we feel ﬁlls an important gap in our researcher's toolkit. We also
believe that our p-Ser572 antibody allows us to follow the kinase activity
of Fu in vivo, something, which has not been previously performed.We have found that the distribution of Cos2 phosphorylation
strongly suggests that the molecular cascade leading to the Fu
activation is conserved in A and P compartments, despite the fact that
the way the pathway is activated is different — in A cells, Ptc is
inhibited by binding to Hh whereas in P cells the pathway is
constitutively activated due to the absence of Ptc. We also demon-
strated that the Fu kinase activity, which has been previously reported
as restricted to receiving cells with high level pathway activation, is in
fact, observed in all Hh-activated cells. Importantly, and consistent
with the previous observation, we have found that Fu kinase is
required to transduce the Hh signal in all Hh-receiving cells. Finally,
we provide the ﬁrst direct visualisation of a continuous and graded
activation of the Hh pathway at the level of Fu enzymatic activity.
From this, we propose that in all Hh-receiving cells, the morphoge-
netic information fromHh is converted into a speciﬁc pattern of target
genes expression through the graded activation of an enzyme, the Fu
kinase.
Fig. 5. Overexpression of the Fu kinase dead variant mimics fu loss-of-function allele and inhibits Hh low target genes. Col (A–C) or Ci (D–F) staining (red) in clones of cells mutant
for fuZ4 (A, D) and expressing FuKD (B, C, E, and F). Mutant and overexpressing cells are marked by GFP (in green, A–F) and indicated by arrows. In C and F, UAS-FuKD expression is
driven in the dorsal compartment by the MS1096-Gal4 driver whereas in H, UAS-FuKD expression is driven by the ap-Gal4 driver. G) MS1096-Gal4; UAS-FuKD wing imaginal discs
were immunostained for Fu (blue), β−galactosidase (green), Ci (red). (H) Ap-Gal4; UAS-FuKD wing imaginal discs were immunostained for P-Ser572 (red). Dashed lines indicate
the D/V border.
Fig. 6. The Fu kinase activity is necessary to mediate all levels of Hh signalling. (A and B) MD636-Gal4/UAS-FuKD ﬂies grown at 29 °C show different classes of wing phenotypes
(n=246): weak with v3–v4 fusion in the central part of the wing (72.5%, B), also obtained at 18 and 25 °C (not shown); strong which can be divided in intermediate with
reduced size and anterior vein defects (17.3%, C); and dramatic with great growth defects and complete loss of wing pattern (10.3%, D). (E and F) Wings from MD636-Gal4/UAS-
FuKD in Sufu/+ or Sufu background ﬂies grown at 29 °C (E, n=315 and F, n=139). (G) Table indicating distribution of weak (Fig. 5B) versus strong (Figs. 5C–D) phenotypes
obtained in MD636-Gal4/UAS-FuKD or MD636-Gal4/UAS-FuKD; UAS-FuWT ﬂies grown at 29 °C (from two independent experiments and n=300). (H and J) Western blot analysis
of Cos2 phosphorylation on Ser572 from cl8 cultured cells, MD636-Gal4/UAS-FuKD and fu wing disc lysates of L3 larvae. (I and K) Ratio of phosphorylated Cos2 level over total level
of Cos2 analysed in the samples presented in H and J. Analysis of Cos2 phosphorylation in fu alleles was performed after immunoprecipitation of Cos2 (J and K).
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